Although a positive antiglobulin reaction is a characteristic and distinctive feature of autoimmune hemolytic anemia (AIHA), the precise role of the erythrocyte-sensitizing globulin in the pathogenesis of this disease is poorly understood. Earlier studies have suggested that the severity of hemolysis in AIHA is a function of the quantity of globulin adherent to the red blood cells (1) ; however, direct estimation of the amount of autoantibody was possible in only a few cases. There is, in addition, a lack of quantitative data concerning the effects of isoantibodies on erythrocyte survival. In the experiments described in this paper, the relationships between red-cell sensitization, by either auto-or isoantibodies, and in vivo hemolysis were examined through the techniques of Cr51-labeled red-cell survival and the radioactive antiglobulin (RAG) test (2) . In this test, rabbit antihuman globulin labeled with radioactive iodine is used. After appropriate incubation and washing, the amount of rabbit antihuman globulin reacting with the sensitized red cells may be ascertained from the specific radioactivity of these cells. The amount of human antibody sensitizing the red blood cells is calculated from the combining ratio between the rabbit antibody and the erythrocyte-bound human gamma globulin. When the human antibody was of the gamma2 globulin variety, this ratio was found to be 7 to 1, i.e., 7 molecules of rabbit antiglobulin reacted with 1 molecule of red-cell-bound antibody. The results of these experiments indicated that, irrespective of their serologic attri-* Aided by American Cancer Society grant T-243 and U. S. Public Health Service grant E-3091.
butes, both isoantibodies and autoantibodies had qualitatively distinctive effects on red-cell survival.
MATERIALS AND METHODS Patients. Seventeen patients with AIHA of the "warm" antibody variety were studied; 11 were "idiopathic," and the rest had systemic lupus erythematosus (2) , chronic lymphocytic leukemia (3), or Hodgkin's disease (1) . Characteristics of the individual cases are shown in Table I .
Isoantibodies. The anti-D and anti-Kell sera were of the incomplete, noncomplement-binding variety. ' Eluates were prepared by Fudenberg, Barry, and Dameshek's modification (1) of the Kidd (3) method and were stored at -200 C until used. Each of the eluates was tested serologically and physicochemically as follows. a) Serology. Eluates were titrated by the standard indirect antiglobulin technique (4) , in which a constant pool of red cells 2 (Hemantigen) and commercial antiglobulin serum 3 were used. The tests were carried out at 40, 220, and 370 C. In some instances, fresh human serum was added as a source of complement. The serologic specificity of the eluates was determined by the indirect antiglobulin reaction using a panel of red cells of known antigenic compositions (Panocell). The antigens present in this panel were: C, CW, D, E, V, c, e, f, K, k, Fya, Fyb, JOa, Le', Leb, Jka, Jkb, M, N, S s, P.
and Lua. Normal red cells (Hemantigen) incubated with the eluates were also tested for sensitization by the standard antiglobulin technique with specific goat antihuman 7S and antihuman 19S sera.5 b) Physicochemical studies. Electrophoresis by standard techniques on paper and cellulose-acetate supporting media were carried out on a Durrum-type cell. Protein concentrations were determined by the method of Lowry, Rosebrough, Farr, and Randall (5). A standard curve, utilizing a (2) were performed on red cells from patients with AIHA immediately before the red-cell survivals were started and on the artificially sensitized normal erythrocytes just before the Cr" labeling procedure.
(0) to severe illness (+ + + +).
Determiniation of the combbining ratio of RAG with the red-cell antibodies. The globulin fractions of potent anti-D and anti-K sera obtained from individual donors were dissolved in borate buffer, pH 8. Immunoelectrophoretic analysis of these fractions showed only one component, gamma2 globulin. These preparations were labeled with I"'5 by the method of Helmkamp and his associates (9) . In some experiments, the anti-D sera were treated by absorption on thoroughly washed Rhpositive red cells and subsequent elution by Fudenberg and his co-workers' (1) modification of the Kidd (3) technique. Other experiments showed that this preliminary isolation of the antibody did not affect the results, and later studies dealing with the combining ratio were performed directly with the labeled globulin fractions. The radioactive antibody solutions containing 6% bovine or human serum albumin, added to minimize utake of nonspecific proteins (2, 10), were incubated with 0.1-ml portions of packed red cells. After 15 minutes of incubation at 370 C, the cells were washed in chilled 0.15 MA saline until the radioactivity of the red-cell button remained constant. All washing procedures were carried out in a refrigerated centrifuge. The amount of antibody protein attached to the red-cell surface was then determined from the SA of the antibody solution. After this, the cells were incubated with RAG labeled with I131 for 30 minutes at 37°C. The (Figure 1 ). These reactions were visible as well-defined arcs whose convexity faced the antigen well. This type of precipitin arc indicates that the molecular weight of the antigen (eluate) is equal to or less than the molecular weight of the antiserum (hyperimmune goat serum) and is compatible with the reaction of gamma globulin of the 7S variety (13 (Table II) . In every instance, incubation of the eluates in 0.1 MI 2-mercaptoethanol failed to reduce the titer significantly (Table II) , although this procedure reduced the cold agglutinin titer of the positive control serum.
The combining ratio of RAG with red-cell isoantibodies. In the experiments shown in Figure  2 , an(l Table III Figure 3 , which demonstrates the relationship between amount of red-cell-bound antibody and red-cell survival (ti). Several characteristics of this relationship bear comment. .5. The red-cell survivals (tj) were 45 minutes and 10 days, respectively (Table IV, Figure 4 ). c) Survival of sensitized red cells in splenectomized recipients. Normal Rh-positive red cells were sensitized with 1.11 Mig anti-D antibody N per ml RB(C and labeled with Cr51; half of these cells was injected into a normal person, who also served as the RBC donor, and the other half was injectel into an otherwise normal recipient whose spleen had been removed several years previously because of traumatic rupture. The red-cell survival in the first recipient had a tj of 3.8 days, whereas the to in the splenectomized recipient was 30 days (Figure 5) (14) . Similarly, the antibodies provoked by these antigens vary considerably in their in vivo hemolytic activity; anti-D almost always produces severe hemolysis, whereas anti-Lua, although present in appreciable titer, may be without apparent effect on red-cell survival (14 when antibodies of identical serologic specificity were tested are illustrated by a specimen of anti-i) that sensitized cells with 0.97 ug N per ml R BC, with a resulting survival time of 11 days (ti), whereas another specimen of anti-D, which sensitized cells with 0.91 jug N per ml RCB, caused rapid destruction of red cells with a tj of less than 1 day. These differences were apparently not due to the action of complement, since each of the antibodies studied was of the incomplete, noncomplement-fixing variety. Probably, these differences represent an intrinsic characteristic of a particular red-cell antibody that we shall refer to as "hemolytic effectiveness."
Hemolytic effectiveness seems to be a characteristic of red-cell antibodies that is independent of their serologic properties. The nature of this quality is unknown, but it may be the result of elution rate, electrostatic charge, steric configuration, and mode of union with antigen on the redcell surface. Although the effects of some of these factors are obscure, elution of antibodies from the red-cell membranes has been well-demonstrated in vitro (10, [15] [16] [17] [18] [19] and in vivo (20) . A given antibody solution is composed of a heterogenous population of molecules with varying dissociation constants. The dissociation constants may have a broad range; hence elution of some antibodies will occur spontaneously (19) , but others adhere to the red-cell surface despite repeated washings. Hughes-Jones and his associates (10) have suggested that "each successive dissociation of antibody from red cells should contain antibody with a progressively higher range of intrinsic binding constants." In our experiments, antibodies resisting elution despite serial washings were studied for their effects on red-cell survival. Thus the rapid in vivo hemolysis of the sensitized red cells was presumably due to antibody with relatively low dissociation constants. Nevertheless, since survival studies of the sensitized cells showed two-component curves, additional elution of antibody in vivo (20) probably contributed to the improved viability of a portion of the injected red cells. We found a linear relationship between the amount of red-cell-bound antibody (anti-D), as determined by the RAG technique, and the red-cell survival time (Figure 3 ). Since the points on this curve were derived from survival-time determinations in seven different normal recipients with their own erythrocytes, the principal cause of the shortened red-cell survival time was evidently the action of the antibody.
Such factors as zygosity of the red cells, distribution of the antigen on the red-cell surface, variabilities in elution rates either because of antigenic factors or the number of antibody molecules on the red-cell surface, if important, would have disturbed the linearity of this curve.
The shape of the curve shown in Figure 3 illustrates several additional features of the interaction between isoantibody and red cells. a) Sensitization of erythrocytes does not necessarily lead to their premature destruction, as Mollison and Paterson (21) That antibodies of the incomplete noncomplement-dependent type are not the sole factors leading to premature destruction of red cells was demonstrated by the striking differences between the disposal of equally sensitized red cells in normal and in splenectomized recipients. Although the survival of anti-D-sensitized cells in splenectomized recipient E.B. was shortened (tj, 16.4 days), she had mild autoimmune hemolytic anemia, which may account for this finding. These results confirm those of Jandl, Jones, and Castle (24) and of Hughes-Jones, Mollison, and Veall (25) , who demonstrated by a surface counting technique that the principal site of destruction of red cells sensitized by anti-D is the spleen. Earlier studies had shown only hours difference between the survival of anti-D-sensitized red cells in splenectomized and in normal recipients. Since quantitative estimation of red-cell sensitization was not performed, however, comparing these results with ours is difficult. One problem, for example, is that in the absence of the spleen, cells sensitized with more than 3.5 ug of anti-D N per ml RBC may be removed from the circulation by the liver.
Autoantibodies. Because the RAG technique determines only the amount of rabbit antihuman globulin absorbed by sensitized red cells, the combining ratio of sensitizing antibody to rabbit antihuman globulin must be determined to calculate the amount of red-cell-bound human antibody. Utilizing two isotopes of iodine, we found this ratio for incomplete anti-D and anti-K antibodies of the 7S variety. In the zone of extreme antibody excess, it was 7 to 1, a value previously obtained immunochemically with soluble gamma, globulin (26, 27) .
The derivation of combining ratios in agglutinating systems would depend not only on the quantitative relationship between antigen and antibody, but also upon the availability of the cellular antigen and steric hindrances intrinsic to the system. These complications in applying the precipitin reaction to cell-bound antibody are illustrated by Rappaport's finding that even in large antibody excess, all antigenic groups of the tobacco mosaic virus failed to combine with antibody (28) (29) . In calculating the combining ratio by the RAG technique, however, determination of the intrinsic red-cell antigens is not employed, but rather the amount of antibody adherent to the membrane. This antibody actually functions in the RAG test as the antigen. Since the same number of antigenic (D) sites on the red-cell surface was found by the RAG technique as by the use of only I131-labeled anti-D, antigen-antibody reactions on the red cell surface must be equally available to both the red cell antibody and the RAG reagent. This evidence implies that unavailability of membrane antigens (either D or anti-D) is not a factor in these reactions and accounts for the coml)ining ratio's being the same as for soluble systems.
Because the amount of sensitizing antibody elutable from red cells is relatively minute in AIHA, determining the combining ratio directly is impossible. Attempts were therefore made to obtain additional information concerning the physicochemical properties of these autoantibodies. As Table III shows, there are a number of indications that these proteins are 7S gamma globulins, and in no instance were reactions compatible with a macroglobulin type of antibody obtained. These findings agree with those of Fudenberg and Kunkel (30) , who found that the circulating antibodies in AIHA of the warm variety were 7S gamma2 globulins. To simplify the comparisons between the autoantibodies of AIHA and the isoantibodies under investigation, we assumed that their combining ratio was also 7 to 1.
Of the 17 patients with autoimmune hemolytic disease in whom autosurvival studies were done, 15 showed varying degrees of shortened erythrocyte life span, but the two patients who were in remission showed no abnormal hemolysis. No correlation was found between the values for redcell survival (t4) and the amount of autoantibody on the erythrocytes. Thus, patients with less than 1 pg antibody N per ml RBC were found to have highly abnormal degrees of hemolysis; patients with 5 or more pug antibody N per ml RBC had only mild hemolysis. Dacie (31) has discussed the possibility that the autoantibodies of AIHA are less effective in causing red-cell damage than are isoantibodies. The data of the present experiments indicate, however, that small amounts of some autoantibodies may be associated with severe hemolysis (e.g., patient H.C. with 0.4 ,ug antibody N per ml RBC and a red-cell survival t, of 3.5 days), and some isoantibodies may have only moderate effects on redcell life span (e.g., red cells sensitized with 0.97 ,ug anti-D serum 6055 N per ml had a t4 of 11.1 days). Yet red-cell survival times of less than 1 day are never seen in AIHA (such a condition would be rapidly fatal), whereas isoantibodies may readily induce this degree of hemolysis, even when they sensitize erythrocytes to the same extent as autoantibodies. (32) and LUdin (33) reported that such red cells survived as usual in normal recipients. Selwyn and Hackett (34), Owren (35) , and Strumia and his associates (36) found an initial rapid disappearance of approximately 50% of the transfused red cells, but normal survival of the remaining cells. Of the 15 isosurvivals with the red cells of our patients, the red cells of 7 had normal isosurvivals, those of 4 showed a two-component behavior, and the remaining 4 had shortened isosurvivals. Moreover, the cells that showed a two-component curve had abnormally reduced survivals even in the "long" components of the curve.
In contrast to Mollison's experience (37) , our work showed no correlation between the severity of the hemolytic disease and the results of the isosurvivals. There is no reason to believe that red cells from patients with AIHA should have normal isosurvivals, since the rate of destruction of these cells in both the donor and the recipient is a function of the hemolytic effectiveness of the antibody, its rate of in vivo elution, and the action of complement. Although factors such as phagocytic activity of the spleen, fever, and infection undoubtedly further influence red-cell autosurvival in AIHA, in 10 of 15 patients there was a close correlation between auto-and isosurvival ( Figure 9 ). This finding indicates that in these patients, autoantibody was the predominant factor influencing red-cell survival. In the remaining patients, such a correlation was not found; we therefore assume that factors other than autoantibody contributed to the hemolytic process.
SUMMARY
The quantitative relationships between erythrocyte sensitization and survival were studied by the techniques of Cr51-labeled red-cell survival and the radioactive antiglobulin (RAG) test. The two major types of red-cell antibodies, isoantibodies and autoantibodies, have two types of behavior, serologic and biologic. Regardless of their serologic attributes, these antibodies had distinctive effects on erythrocyte survival. Even antibodies of the same serologic specificity had different effects on in vivo hemolysis. This biologic attribute was termed "hemolytic effectiveness."
When either isoantibodies or autoantibodies from different individuals were studied, there was no correlation between the amount of antibody absorbed by erythrocytes and their survival time. In 10 of 15 cases of autoimmune hemolytic anemia, however, there was a positive correlation between the survival time of the patient's red cells in himself and their survival time in a normal person. This finding we interpreted as indicating that, in these cases, the major cause of the abnormal hemolysis was the autoantibody.
